C with above-mentioned fuel gas mixtures and air as oxidant. For a given concentration of the diluent, the cell performance was higher with He as the diluent than with N 2 as the diluent. Mass transport through porous Ni-YSZ anode for H 2 -H 2 O, CO-CO 2 binary systems and H 2 -H 2 O-diluent gas ternary systems was analyzed using multicomponent gas diffusion theory. At high concentrations of the diluent, the maximum achievable current density was limited by the anodic concentration polarization. From this measured limiting current density, the corresponding effective gas diffusivity was estimated. Highest effective diffusivity was estimated for fuel gas mixtures containing The lowest performance was observed with CO-CO 2 mixture as a fuel, which in part was attributed to the lowest effective diffusivity of the fuels tested. 1 To whom correspondence should be addressed
I. INTRODUCTION
Recent work has demonstrated that anode-supported Solid Oxide Fuel Cells (SOFC) exhibit high performance at intermediate temperatures. Maximum power densities as high as 1.8-1.9 W/cm 2 have been reported at 800 o C for anode-supported single cells [1] [2] [3] [4] . In a typical anode-supported SOFC, the anode support is a Ni-YSZ cermet of a thickness between ~0.5 and 2 mm. The electrolyte is a thin (~10 µm), dense YSZ film, supported on a porous anode substrate. The cathode is usually a porous mixture of strontium-doped manganite, La 1-x Sr x MnO 3-δ (LSM) and YSZ [1] [2] [3] , or a porous mixture of strontium-doped cobaltite, La 1-x Sr x CoO 3-δ (LSC), and Sm-doped CeO 2 (SDC) 4 . Thin electrolyte film leads to a relatively low ohmic contribution to the total cell resistance, which makes it possible to operate anode-supported SOFCs at 800 o C or lower, and thereby realize the benefits of a lower temperature operation, such as the use of inexpensive metallic interconnect. One of the potential benefits of SOFC over low temperature fuel cells, such as PEM, is fuel flexibility, because SOFC can potentially operate on various fuels including hydrogen, carbon monoxide, methane and other hydrocarbon fuels without the problem of CO poisoning. Recent work has also shown that it may be possible to operate SOFC directly on a number of hydrocarbon fuels -without the necessity of reforming [5] [6] [7] [8] . However, in anode-supported SOFC, significant losses may occur due to the resistance to the transport of fuel gas through a relatively thick anode. The losses at the anode are expected to become even more severe when the fuel used contains gaseous species of molecular weights much greater than that of hydrogen (H 2 ), such as CO, CH 4 or other hydrocarbons. It is thus imperative that a thorough investigation of the transport characteristics of various gaseous species through porous anodes be conducted to fully assess anodic concentration polarization losses in anode-supported SOFC. Gas transport through porous bodies and the effects of parameters, such as, volume fraction porosity, morphology of pores, and pore size have been studied in great detail 9, 10 . However, there is limited information available in the literature as it pertains to SOFC.
Insofar as SOFC is concerned, there are only a couple of papers in the literature, which have examined gas transport phenomena in porous anodes, with emphasis on hydrocarbon fuels. Lehnert et al. 11 conducted a simulation study of gas transport coupled with steam-reforming and gas shift reactions in a Ni-YSZ porous anode using a single channel model. The study showed that the anode structural parameter, defined as the ratio of porosity, V v , to tortuosity, τ, had a significant effect on the methane conversion rate. A reduction of the structural parameter by 26% lowered the methane conversion by 12%.
No electrochemical overpotential or performance measurements, however, were correlated with gas transport in this study. Yakabe et al. 12 studied gas transport in H 2 -H 2 O and CO-CO 2 binary systems through porous anodes. Under a constant current density, the concentration distribution of reactants H 2 and CO along the direction normal and parallel to the electrode/electrolyte interface was evaluated. The results showed that the calculated concentration polarization was much higher for CO-CO 2 than for H 2 -H 2 O due to the much lower diffusivity of CO-CO 2 . These computational results were also compared with experimental measurements. The results on steam-reformed methane as fuel indicated that the gas shift reaction in porous anodes effectively reduces concentration polarization.
In the present paper, we address mass transport in a porous anode support of an SOFC.
Studies were conducted on a variety of fuel mixtures, such as, as-received H 2 , mixtures of H 2 with inert gases, such as, He, and N 2 ; H 2 -H 2 O, H 2 -CO, and H 2 -CO 2 mixtures, and CO-CO 2 mixtures. All tests were conducted on one cell to ensure that possible differences due to cell-to-cell variations are eliminated. Mass transport in these binary and ternary systems was analyzed. This included the estimation of effective diffusivities of gaseous species through porous anodes, the effect of diluents on transport, and the associated concentration polarization. In the case of mixtures of CO and H 2 , the effect of in-situ gas shift reaction was examined.
II. EXPERIMENTAL
Cell Fabrication: While only measurements on one cell are reported, a number of cells were fabricated. Single cells consisted of a Ni + YSZ anode substrate, a Ni + YSZ anode interlayer, a YSZ-SDC bi-layer thin film electrolyte, a LSC + SDC cathode interlayer, and a LSC cathode current collector layer. The procedure for preparing an anode substrate and an anode interlayer was described elsewhere in detail 13 , and is briefly described here. NiO and YSZ powders from commercial sources were mixed in requisite proportions and ball-milled in alcohol, dried and screened through a 150-mesh sieve. A circular disc of ∼1 mm thickness and ∼3 cm diameter was uniaxially die-pressed, and presintered at 1000 o C for one hour. The disc was then coated with a slurry of NiO + YSZ anode interlayer and fired again at the same temperature for one hour to form a NiO + YSZ interlayer of ~20 µm thickness. YSZ and SDC layers were applied on the anode interlayer surface sequentially using respectively YSZ and SDC suspensions made from YSZ and 20 mol.% samarium doped CeO 2 powders, dispersed ultrasonically in appropriate amounts of suitable liquids. Then, the bi-layer electrolyte -anode substrate assembly was sintered in air at a temperature between 1400 and 1500 o C to form a dense, well-bonded YSZ-SDC bi-layer electrolyte -anode structure. The thickness of the SDC layer was around 3 µm and the total thickness of the YSZ-SDC bi-layer electrolyte thin film was ~10 µm. The thin SDC layer, as part of the electrolyte served as a barrier, which prevented a direct contact between YSZ and LSC. In this manner, the possible chemical reaction between YSZ and LSC, which can form insulating La 2 Zr 2 O 7 during a hightemperature firing step, could be prevented.
The porous cathode interlayer was a composite of 50 wt.% strontium-doped lanthanum cobaltite (La 1-x Sr x CoO 3-δ (LSC), x=0.3~0.7) and 50 wt.% SDC. The cathode interlayer was applied by screen-printing, followed by firing at a temperature between 1050 and 1300 o C for 2 hours to form a good bond between the SDC layer and the cathode interlayer. The thickness of the interlayer after firing was ~20 µm. On top of the interlayer, a porous layer of LSC was applied, followed by firing at a temperature between 1050 and 1300 o C for 1 hour in air.
The Measurement of Cell Performance: The cell was mounted in a test fixture, which consisted of an alumina tube and an alumina ring. The cell was secured between the alumina tube and the alumina ring and spring-loaded to ensure good sealing between the cell and the alumina tube using a flexible gasket. A silver mesh and a Ni mesh were used as current collectors at the cathode and anode, respectively, and were spring-loaded against, respectively, the cathode and the anode. Measurements were carried out at 800 o C, one atmosphere total pressure (both fuel and air), and at predetermined, constant total flow rates of fuel or fuel mixture, and of air. The cell was reduced in situ at 800 o C in a 10% H 2 + 90% N 2 mixture for several hours prior to measurements. The fuel flow-rate was maintained at 140 ml/min, and the air flow-rate was maintained at 550 ml/min, in all experiments.
Cell performance was measured using various fuel gas mixtures, which included asreceived H 2 (straight from the as-received cylinders), as-received CO (straight from the as-received cylinders), H 2 + CO mixtures, H 2 diluted with He, N 2 , CO 2 , H 2 O and CO diluted with CO 2 . Measurements were conducted at various diluent concentrations, i.e. at various partial pressures of the diluent while the total flow rate of fuel mixture was kept constant. Cell tests with as-received hydrogen were conducted without bubbling through a water bubbler.
Cell Characterization: Porosity of the Ni-YSZ anode was measured using the Archimedes method. The tested cell was broken into several small pieces. Dry weight, W Dry , wet weight, W Wet , and weight in water, W water , were measured using a high accuracy balance.
Wet weight was measured soon after the surface of the sample was wiped dry, after boiling in water for two hours. Porosity was calculated according to the equation: 
One of the fractured pieces was evacuated (to remove air from the pores) and impregnated with an epoxy. After hardening the epoxy, the sample was polished down to 1 µm. The microstructure of the cell was examined using scanning electron microscopy (SEM) and the mean pore radius was determined by quantitative stereology 14 .
III. RESULTS
An SEM micrograph of a polished section of the Ni-YSZ anode is shown in Figure 1 . until the respective reaction equilibria are established. 
at equilibrium, the partial pressure of oxygen at the anode,
is given as (4), and the OCV can be determined using Equation ( 2). . There are two main fluxes contributing to mass transport in a porous electrode: (1) A diffusive flux and, (2) a viscous flux. In general, the viscous flow, which is driven by a pressure gradient, is negligible compared to the diffusive flow in porous electrodes. Therefore, gas transport in porous electrodes is mainly due to diffusion, which includes free molecular or Knudsen flow, and a continuum flow.
The general diffusion process for a multi-component gas system is described by Stefan- (9) where N i and N j are molar fluxes of components i and j (# mols/cm 2 sec), respectively, D Ki and D ij are the Knudsen diffusion coefficient for component i and the binary diffusion coefficient for components i and j, respectively, X i and X j are the mole fractions of components i and j, respectively, p is the total pressure, R is the gas constant, T is the absolute temperature, and x is the coordinate along the diffusion direction. Knudsen diffusion is due to molecule to wall collision, which predominates over molecule-tomolecule collision when the pore size is much smaller than the mean free path 
where r is the mean pore radius, and M i is the molecular weight of the diffusing gas.
Binary diffusion coefficient, D ij , is generally experimentally measured or calculated using the Chapman-Enskog equation 16 , if it is not available experimentally. According to the Chapman-Enskog model, the binary diffusion coefficient in cm 2 /sec is given by 
where Ω is the collision integral (dimensionless), σ ij is the average collision diameter (in angstroms). M i and M j are molecular weights of component i and j, and p is the total pressure (in atmospheres). Using Ω and σ ij data from Cussler 16 , the calculated D ij for various gaseous species and at several temperatures are listed in Table 1 , along with some experimental values from the literature for comparison 15, 17, 18 . Slight difference, usually (Table 1 ). This indicates that Knudsen diffusion is an important process in the present porous anodes with 0.5 µm mean pore radius, and should be taken into account.
For a ternary system such as H 2 -He-H 2 O, the H 2 molar flux from Equation (9) 
Under steady state conditions, 
From Equation (13) 
When He X = 0, i.e. for a H 2 -H 2 O binary system, the H 2 diffusion coefficient becomes
Similarly, for the CO-CO 2 binary system, the CO diffusion coefficient is given by 1 , , The preceding equations for diffusion coefficients are for transport in a multi-component gas system do not account for the volume fraction of porosity, and the tortuous nature of path through porous bodies. When the transport occurs through a porous body, the interaction of gaseous species with the porous matrix must be included. The simplest approach for taking this into account is to modify the diffusion coefficients by the volume fraction porosity, V v , and the tortuous nature of the actual transport, characterized by the so-called tortuosity factor, τ
16
. The resulting diffusion coefficients or diffusivities are termed effective diffusion coefficients or effective diffusivities. For H 2 and CO, the corresponding effective diffusivities are given by
and As shown on the right side of Equation (15) 
Integration of Equation (21) gives X is the mole fraction of He at x = l a . The case of interest is that of a porous anode. Thus, the diffusivities must be those corrected for porosity and tortuosity factor. Thus, the applicable equation is actually 
The net current density passing through the cell is related to the net hydrogen flux arriving at the anode/electrolyte interface, given by
For the maximum possible hydrogen flux given by Equation (26), there will be a corresponding maximum in current density, which is, the anode limiting current density given by (Figure 3) , at 32% N 2 dilution, the maximum power density was reduced by more than 30%. It was even worse for CO 2 dilution with almost 40% reduction of the maximum power density (Figure 4) at the same diluent concentration. This suggests when either partial oxidation or auto-thermal reforming is used for processing fuel, nitrogen introduced into fuel will lead to a lowering of diffusion, in addition to fuel dilution. The present work also shows that if in a reforming stage most of CO is converted to CO 2 via a shift reaction, in addition to fuel dilution, there will also be an adverse effect on diffusion. All the tortuosity data fall between 9.0 to 10 for H 2 with He, N 2 and CO 2 dilution. The τ value is somehow lower, around 7.6, from H 2 -H 2 O and CO-CO 2 binary system measurements. The observation that tortuosity factor varies between ~7.6 and ~10 (with the exception one value which is slightly over 11) justifies the use of effective diffusivities. At the same time, the observation that the estimated tortuosity factor does exhibit some variability suggests that it includes effects in addition to purely geometric 15 . However, the reaction rate constant is very high as reported in the literature and thus it may be assumed that the shift reaction at the anode/electrolyte interface is at equilibrium 11 . Thus, for a fuel gas composition containing greater than 50% H 2 (and balance CO), it can be argued that H 2 O produced by the electrochemical oxidation of H 2 is more than sufficient to react with CO present to form H 2 and CO 2 . In such a case, there should be little difference in performance when compared to pure H 2 as fuel (with the exception of a small difference related to differences in concentration polarization). Indeed, it is seen that there is very little difference in performance with fuels ranging in composition from ~100% H 2 and ~45% H 2 + ~55% CO, as seen in Figure 8 . For compositions of fuel containing substantially greater than 50% CO, the H 2 O produced by the electrochemical oxidation of H 2 will not be sufficient to shift most of CO to CO 2 . The remaining CO will have to be oxidized electrochemically to CO 2 , for which polarization is observed to be much greater ( Figure 6) . Indeed, Figure 8 shows that the performance is much worse with fuels containing ~68% CO + ~32% H 2 and ~80% CO + ~20% H 2 .
V. CONCLUSIONS
Based on the present work, the following conclusions are drawn.
1)
Anode-supported solid oxide fuel cells exhibit substantial effect of an inert gas diluent in the fuel on concentration polarization, consistent with expectations of multicomponent gas diffusion in porous bodies. Specifically, anodic concentration polarization was lower with an inert gas diluent of low molecular weight (such as He), than an inert gas diluent of a higher molecular weight (such as N 2 ).
2)
For sufficiently high concentration of the diluent, the voltage vs. current density traces exhibited anode limiting current density behavior, characterizing a rapid drop of voltage at a critical current density. This current density was used to estimate the corresponding effective diffusivities.
3) Electrochemical performance with CO + CO 2 gas mixtures was much worse than fuel gas mixtures containing H 2 . This was rationalized in part on higher anodic concentration polarization, and slower electrochemical oxidation of CO. The results show that Ni + YSZ is an excellent anode for hydrogen gas (H 2 )-containing fuel, but not for CO.
4)
Studies on cell performance with CO + H 2 gas mixtures as fuel showed that water gas shift reaction plays a major role. Effectively, as long as the H 2 content is greater than ~50%, high performance is maintained by producing additional H 2 through the shift reaction. As a result, the cell performance with essentially pure H 2 is about the same as that with a H 2 + CO gaseous mixture as fuel. 
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